The performance of the exchange-correlation density functional HCTH has been assessed using a benchmark of sulfur-containing molecules. Optimised structural parameters, harmonic frequencies and atomisation energies are presented and compared with calculations using the BLYP density functional, the MP2 methodology and appropriate experimental results. It is shown that, for sulfur compounds that do not contain halogens, the HCTH functional predicts geometries that are comparable to both the MP2 method and experiment, and harmonic frequencies are in much closer agreement with experiment than either the BLYP or MP2 methods ; the atomisation energies are predicted within a few kcal mol~1 of the calculated MP2 results. The performance regarding sulfur-halogen compounds needs to be improved by the inclusion of and F 2 S Cl 2 S into the training set of future HCTH functionals.
Introduction
In recent years there has been considerable theoretical interest in density functional theory (DFT) and its applications. A number of benchmarks have been carried out to examine the performance of the method under various conditions.1h3 Our own experience from an early benchmark study4 of sulfurcontaining small molecules has been to Ðnd that the bond lengths of these compounds were severely overestimated, especially when sulfur was bonded to electronegative elements, such as F or Cl. Subsequently we found that, by using the hybrid functional B3P86, we could improve the structural parameters considerably to a level comparable to MP2 results and that the computed harmonic frequencies were closer to experiment than those predicted by both Hartree Fock and MP2 methodologies. 5 We now extend our investigation to assess the latest member of a new class of generalised gradient approximation (GGA) functionals, called HCTH, developed recently by Hamprecht and co-workers. 6 The HCTH functional has the form introduced by Becke.7 It is a GGA functional with 15 terms, the coefficients of which were determined by a least square minimisation to atomic and molecular data of a training set containing 93 atoms and molecules. The training set contains Ðrst and second row atoms and in particular includes S`, S 2 , CS, SO, and We therefore anticipate that S 2`, S O 2 CH 3 SH. general sulfur chemistry is well predicted. The speciÐc details of the HCTH functional are given in ref. 6 . We present structural parameters, harmonic frequencies and atomisation energies computed for our previous benchmark and compare these with predictions of the BLYP and MP2 methodologies¤ and with experiment.
¤ We selected BLYP because it is the most commonly used GGA functional and MP2 because it is the most commonly used ab initio functional.
Computational methods
The new HCTH functional was implemented into the Gaussian 94 package.8 Geometries of the twenty small molecules in our benchmark were optimised using the BLYP and the HCTH functionals and tight convergence criteria. The calculations employed a quadrature size of 99 radial shells and 770 angular points per shell, giving a total of 76 230 integration points per atom, which should give an accuracy in the energy of better than Ðve decimal places. The basis set used was correlation consistent triple f with polarization functions (ccpVTZ), attributed to Dunning.9,10 Analytic second derivatives and atomisation energies were also computed at the above level of theory. The MP2 data from our previous benchmark5 was used which employs the frozen core approximation.
Results and discussion
Our results obtained from DFT and conventional ab initio calculations for structural parameters, harmonic frequencies and atomisation energies are presented in Tables 1È4. Tables 1 and 2 contain the predicted bond distances and bond angles, respectively, obtained from calculations using BLYP, HCTH and MP2 methods. The di †erences in these values, designated as where n \ 1, 2, 3, denote the bond length/ D n angle di †erence between the calcur CALC /a CALC [ r XPT /a XPT lated and experimental value for the above three methods, respectively, are also shown in the tables and the highest values highlighted by boldface. It is apparent from the data in Table 1 that all three methods predict bond distances that are longer to various extent than the reported experimental value, and that the bond distances predicted by BLYP are far worse than those predicted by HCTH. This is illustrated in Figs. 1 and 2 by depicting for this benchmark di †erences in bond length for HCTH and BLYP, respectively. These r CALC
Molecular geometries
[ r XPT di †erences are very small values, as it is shown in Table 1 and therefore the scales on the graphs have been ampliÐed for better viewing. It can also be observed from Table 1 that the majority of bond distances predicted by HCTH are in good agreement with those of MP2. The exceptions are the SÈF bond in and and the SÈCl bond in and
S 2 which are overestimated by HCTH. By contrast, MP2 overestimates the SÈS bond in as was reported previously.5 Cl 2 S 2 , It should also be noted that HCTH overestimates the SÈO bond distance but to the same extent as the MP2 method does. This match in errors is probably due to the inclusion of SO and into the training set ; otherwise, HCTH would SO 2 have predicted a much longer SÈO bond.
The above analysis is reÑected by the magnitude of the mean absolute error in the bond lengths for the three methods which are 0.010, 0.016 and 0.038 for MP2, HCTH and Ó BLYP, respectively.
Inspection of Table 2 shows that, unlike bond distances, HCTH and BLYP predict almost identical bond angles for the benchmark, the majority of which are within 1¡ of the experimental value. Exceptions include the SSCl and ClSCl angles, both overestimated by a few degrees.
The structural results above reÑect precisely the e †ect of inclusion into the training set of the atoms and molecules containing sulfur, as we anticipated. Unfortunately, the molecule was omitted (by oversight) and this resulted in HCTH H 2 S predicting the SÈH bond distance to be 0.010 longer than Ó that predicted by the MP2 method and experiment. This has recently been reconciled but the problem with the sulfurÈ halogen bonds needs also to be solved and therefore it will be necessary to include and into future training sets.
Harmonic vibrational frequencies
The harmonic frequencies and corresponding intensities computed for the benchmark using BLYP, HCTH and MP2 methods are presented in Table 3 . As in the case of the molecular structures, the table contains the di †erences for the D n above methods, respectively, between the calculated values and experiment as a percentage of the experimental value :
Examination of the data reveals that all the frequencies predicted by the GGA functionals are lower than the corresponding data arising from the MP2 method which is partly due to the structural parameters overestimated by the GGA methods. For consistency, we compare our data with the same experimental results as used previously.5" However, this time, for the high frequency modes (which involve H) the fundamentals have been corrected for anharmonicity (approximately) l XPT as follows. The symmetric and asymmetric SÈH stretches were corrected by adding 112 cm~1, this being the value published11 for
Similarly, the CÈH stretches were cor-H 2 S. rected by adding 139 cm~1, as reported12 for HCN. These corrected values, highlighted by boldface in the table, have been compared with the u values for BLYP, HCTH and MP2. Since this constitutes the largest anharmonic correction for the benchmark, we designated the experimental column as
The di †erences shown in the table indicate that, for u XPT . those molecules that do not contain halogen, the HCTH method predicts frequencies that match better with experiment than the other two methods. Especially noticeable are the errors associated with the predictions arising from the MP2 method which appear to be somewhat larger than expected, in comparison to the HCTH technique. The worst predictions are produced by BLYP, as was expected on the basis of the poor structural data.
Much larger errors are evident for the halogen-containing molecules, as highlighted in the table by boldface. This time, however these high errors are associated only with the GGA functionals, except for for which the bending mode at F 2 S 2 , 320 cm~1 is severely underestimated by all three methods, suggesting that perhaps the other observed bending mode at 301 cm~1 should have been assigned the A symmetry. This reversal of the symmetry of the two bending modes would be in accord with the predictions of the MP2 theory and would also reduce the errors introduced by the predictions of the GGA methods. The problems associated with the assignments " The exception is for which we found a new value from the H 2 S 2 same authors. of the fundamentals for the molecules HFS and HSOH H 3 PS, have been discussed previously5 in detail and will not be discussed here, except to note that these molecules are not included in the graphical analysis below.
The percentage di †erences shown in Table 3 were averaged, by taking their absolute values, for each compound and these are illustrated in Fig. 3 . The Ðgure reÑects our analysis above regarding the excellent performance of HCTH for sulfur compounds without halogens and highlights the problems associated with sulfurÈhalogen compounds. The calculated mean absolute errors for the molecules shown in Fig. 3 are 6.9, 3.6 and 2.7% for BLYP, HCTH and MP2, respectively. This is to be contrasted with the mean absolute errors associated exclusively with the sulfurÈhalogen compounds of 10.1, 5.9 and 2.9%, for BLYP, HCTH and MP2, respectively. Clearly, for the GGA functionals and especially for HCTH, the sulfurÈ halogen compounds are responsible for the bulk of the errors in predicting frequencies.
We believe that, just as in the case of the molecular structures, signiÐcant improvement could be achieved by including and into the training set for future HCTH function-F 2 S Cl 2 S als. Table 4 gives a summary of the atomisation energies calculated for the benchmark using the three methods, together Table 4 Atomisation energies calculated using BLYP and HCTH density functionals and the MP2 methoda
Atomisation energies
Atomisation energy E at /kcal mol~1 a The values where n \ 1, 2, 3 are deÐned as the di †erences for the HCTH, BLYP and MP2 methods, respectively. The
for the benchmark. with the deviations calculated relative to the MP2 values. With a few exceptions, indicated by boldface, the atomisation energies predicted by the HCTH method are higher than those obtained using the MP2 functional. Of the four values that are lower, three are within 1 kcal mol~1 of the MP2 value. It is also apparent from the table that, all but one of the energies predicted by the BLYP functional are higher than their HCTH equivalent. This is illustrated in Fig. 4 which depicts the deviations in the atomisation energies as predicted by the BLYP and the HCTH functionals, relative to the MP2 values for the benchmark. It can be seen from this Ðgure that the largest deviations occur in the predictions for the sulfurÈ halogen compounds and in particular when the BLYP method is used. Included in Table 4 are a few atomisation energies determined by experiment. A comparison of these with the predictions of the three methods studied reveals the following. First, that the MP2 method predicts excellent atomisation energies for and these being within 0.5 and 1.5 kcal mol~1 H 2 CS H 2 S, of the experimental value, respectively. This is to be contrasted with the predictions for the same two molecules by HCTH of 4.4 and 5.5 kcal mol~1, respectively. This we attribute to the fact that was not included into the training set for H 2 S HCTH. Second, that the predictions arising by all three methods for and OCS are very poor and not much di †er-CS 2 ent from each other. In fact, HCTH appears to do a better prediction for than the other two methods. We donÏt CS 2 know the reason for the bad performance involving these two molecules, but we wish to point out that the G2 theory had similar problems predicting the atomisation energy for H 2 CS (D7.1 kcal mol~1 error)13 which was predicted extremely well by MP2 in this study.
Based on the above we conclude that the atomisation energies predicted by the HCTH functional are a deÐnite improvement over the predictions arising from BLYP, especially for sulfur compounds that do not contain halogens, but need to be further improved to compare better with the predictions of the MP2 methodology and experiment. We believe that this could be achieved by the inclusion of and to the H 2 S F 2 S training set of future HCTH functionals.
Conclusions
The results of these studies using our benchmark of sulfurcontaining small molecules lead to the following conclusions.
(1) Structural predictions from the HCTH method are, on the whole, in good agreement with MP2 theory and a signiÐ-cant improvement over the BLYP methodology. There are a few sulfur bonds that appear to be problematic for the HCTH method, namely the SÈF bond in and in and the F 2 SO F 2 S, SÈCl bond in and Cl 2 S Cl 2 S 2 . (2) Harmonic frequencies are underestimated by both GGA methods. However, the mean absolute error involved in the predictions by the HCTH functional for those molecules that do not contain halogens is lower (2.05%) than the corresponding value arising from the MP2 theory (2.6%). For sulfurÈ halogen compounds, the error for the HCTH method is much higher (5.9%) than the error from the MP2 theory (2.9%) but much lower than the error from the BLYP method (10.1%). Overall, the HCTH method predicts better frequencies than the BLYP method.
(3) The atomisation energies predicted by the HCTH are too high, as compared to the MP2 theory, by an average of a few kcal mol~1 and deviate from experimentÒ by an average of 5 kcal mol~1. This value, however, may not be representative for the benchmark because of the scarcity of available experimental values.
The energies predicted by the BLYP method are even higher than those predicted by the HCTH method. The largest deviations between the predictions of both GGA methods and the MP2 technique are associated with the sulfurÈhalogen compounds of the benchmark. Thus the atomisation energies predicted by the HCTH method correspond much better to the predictions of the MP2 theory as well as experiment than the BLYP results.
(4) It may be concluded that, overall, the performance of the HCTH functional constitutes a signiÐcant improvement over the BLYP functional. Further improvements for the prediction of the molecular properties of sulfurÈhalogen compounds can be achieved by including the molecules and into F 2 S Cl 2 S the training set of future HCTH functionals.
This study exempliÐes the extent to which the reliability of parameterised functionals, such as HCTH, depend on the molecules included in their training sets.
